Using cut pieces cotyledons from germinating zygotic embryos of Jatropha curcas, we monitored the series of anatomical events leading to the generation of shoot through organogenesis by histological analysis. 14 days old cotyledons that were pre-cultured in a half strength Murashige and Skoog (MS) media supplemented with 100 mg/L myoinositol and 10 mg/L thiamine HCl, were cultured in organogenic competence induction media (CIM) comprising of MS salts with 1.5 mg/L benzyl adenine (BA) and 0.05 mg/L indole-3-butyric acid (IBA) and incubated for the induction of organogenic competence. Following their sequential transfer to shoot induction media (containing MS + 1.5 mg/L BA, 0.05 mg/L IBA and 0.5 mg/L GA 3 ); shoot elongation media (containing MS + 0.3 mg/L BA) and rooting media (containing half strength MS + IBA at different concentrations), we selected individual explants and subjected them to histological analysis in order to study the morphological changes occurring during organogenesis. Our findings show that to induce organogenesis using cut pieces of cotyledons, these tissues must be harvested at least by the 14th day following germination. Optimal organogenic competence was attained after 21 days incubation period in the dark where most of the explants showed evidence of protruding shoots surrounded by calli with various morphological features. Up to 53.91% of the total explants cultured in this study produced well defined shoots with each explant producing an average number of 1.5 shoots bearing two to eight leaves. We recorded the highest percentage of root formation, which stood at 27.50% when the shoots were cultured in a rooting media containing 0.3 mg/L IBA. Histological analysis of the different events occurring during the process of organogenesis suggest that the protuberances arising from parenchymatous cells and perhaps bundle sheath forming meristematic centres acquiring organogenic competence have a multicellular origin, indicating that the regeneration process takes place through direct organogenesis.
INTRODUCTION
The growing concern over the diminishing supply of fossil fuel and increase in emissions of greenhouse gases have resulted in a corresponding increased interest in the use of cellulosic biomass to meet energy challenges through the exploration and utilization of non food sources of biofuels like Jatropha curcas (Carroll and Somerville, 2008; Lynd et al., 2008) . A drought resistant shrub belonging to the Euphorbiaceae family, the plant is widely *Corresponding author. E-mail: abibrahim@abu.edu.ng. Tel: +55 61 34484642.
adapted to many regions of the world. It possesses enormous potentials as a source of biofuel and as a possible source of animal feed, if its residue of oil extraction is detoxified (Fairless, 2007) . However, little is known about its physiology and biochemistry to allow for its manipulation using biotechnological tools capable of improving some of its desirable qualities. Typically, the goal of biotechnology based programs in J. curcas is to increase the levels of oils produced by the plant on one hand, and reduce the level of its toxic substances, on the other (Ye et al., 2009; Costa et al., 2010 ). An important starting point in achieving this is the development of regeneration protocols suitable for mass propagation of the plant, to be used in molecular and genetic studies. Although there are a number of reports on the regeneration of the plant (Kalimuthu et al., 2007; Deore and Johnson, 2008; Li et al., 2008; Khurana-Kaul et al., 2010; Varshney and Johnson, 2010) , further studies are still required in order to standardize, and in some cases validate, the different regeneration systems reported so far. For example, only recently has a report on histological investigations of the origin and developmental stages of morphogenesis of the plant in vitro appeared (Varshney et al, 2011) . Perhaps one of the most successful reports in the development of regeneration system on J. curcas, is that of Li et al. (2008) , who used indole-3-butyric acid (IBA), benzyladenine (BA) and gibberallic acid (GA 3 ) to induce organogenesis in the plant. This regeneration protocol was used by the workers in subsequent Agrabacterium mediated transformation experiments. The reproducibility of this system as well as the transgenic approach can be extended to other provenances of the crop following their validation. In this work, we adopted the regeneration method of Li et al. (2008) to induce organogenesis using cut pieces of cotyledons of J. curcas while monitoring their different developmental stages leading to the formation of shoot and root in vitro using histological data generated from different stages of development which allowed us to demonstrate direct organogenesis.
MATERIALS AND METHODS

Plant materials
Mature seeds of J. curcas obtained from Instituto Fazenda Tamanduá, Santa Terezinha of Paraíba State in Brazil, were sterilized in 1% NaOCl and soaked in distilled water for about an hour in order to facilitate the removal of embryos. Following the removal of seed coat, the seeds were surface sterilized using 70% ethanol for 30 s, 1% NaOCl for 15 min and rinsing with sterile distilled water. The seeds were then germinated in half strength Murashige and Skoog (MS) media (Murashige and Skoog, 1962) containing 100 mg/L myoinositol, 10 mg/L thiamine-HCl and 3% sucrose solidified with 0.7% agar. Zygotic embryos arising from the germinating seeds were detached and transferred into a fresh media, with their radicle in direct contact with the media. The process of germination lasted for 14 days in a germination chamber maintained at 27°C and 16 h photoperiod provided by white fluorescent lamps (25.3 mol m -2 s -1 ). Cut pieces of cotyledons arising from the 14 days old plantlets were made to a size of 5 × 5 mm and used in the organogenesis experiment using similar method as described by Li et al. (2008) . The explants were cultured in Petri dishes containing organogenic CIM which comprised of complete MS salts supplemented with 1.5 mg/L BA and 0.05 mg/L IBA with their abaxial sides in direct contact with the media. A total of 120 explants were kept in CIM over a period of 21 days in the dark, after which they were transferred to regeneration media.
Shoot induction and elongation
Having attained organogenic competence, the explants were transferred to shoot formation media (SM) which comprised of full strength MS salts supplemented with 1.5 mg/L BA, 0.05 mg/L IBA and 0.5 mg/L gibberalic acid (GA3). The explants were then incubated in growth chamber for 30 days in a 16 h photoperiod. Those that produced clearly defined shoot apex and at least two primordial leaves were regarded as having formed shoots while those with protuberances were considered to be in their initial stage of shoot formation. Emerging shoots were cultured in elongation media (EM), which comprised of MS salts supplemented with 0.3 mg/L BA as reported by Li et al. (2008) .
Rooting
Following elongation, the shoots were cultured in different rooting media (RM) having the following compositions: 1) ½ MS + 0.00 mg/L IBA; 2) ½ MS + 0.05 mg/L IBA; 3) ½ MS + 0.15 mg/L IBA and 4) ½ MS + 0.30 mg/L IBA, and were incubated in a growth chamber at 27°C and 16 h photoperiod. The explants were daily monitored for the emergence of roots. Each treatment consisted of eight replicates of five explants giving a total of 40 explants. Regression analysis was carried out in order to analyze the relationship between the concentrations of the auxins and number of explants that formed root.
Histological analysis
Anatomical characterization was conducted using cotyledons subjected to CIM at 0, 2, 4, 6, 12 and 20 days of incubation and for those in SM at 0, 4, 6, and 11 days of incubation. The explants were harvested and fixed using a modified Karnovsky solution (Karnovsky, 1965) containing 1% glutaraldehyde and 4% formaldehyde over a period of 24 to 48 h, after which they were washed five times in 0.02 M phosphate buffer at pH 7.2. The explants were then dehydrated using increasing concentrations of ethanol (10; 20; 30; 40; 50; 60; 70; 80; 90 and 100%) for each hour and then transferred into a pre-filtered solution comprising of absolute alcohol, and basic resin [(2-hydroxymethyl metacrylate and benzyl peroxide in a ratio of 1:1 (V/V)]. The explants were later embedded and used to form blocks during 2 to 8 days in a vacuum. The blocks were then cut to 5 m size using rotating microtome (Leica -model 2065). The tissues were stained using 0.12% toluidine blue for 5 min followed by 0.05% basic fuscin for 1 min. Slides were mounted with synthetic resin of Entellan (Merck) and later analysed with optical microscope (Olympus -model CX40). Images obtained were captured by a coupled system of imaging (Moticam). From each treatment, four explants were used to prepare histological cuttings and this was repeated three times.
RESULTS AND DISCUSSION
Acquisition of organogenic competence
Within the first few days following incubation in CIM, the explants formed callus around their borders followed by the emergence of shoot-like structure within the central region, most of which actually formed shoot when placed onto SM media (Figures 1A and B) . This observation differed from that of Li et al. (2008) where callus formation was observed from which shoots emerged thus implying the occurrence of indirect organogenesis. According to our observation, the calli arising from the edges of explants obtained in this work were typically non friable, whitish and/or hard. No green points were observed on the surface of any of these calli, which would have led to the possible conclusion that the calli were organogenic (Nabors et al., 1983) . We hypothesized that these calli did not participate in the organogenic process and therefore did not give rise to the emerging shoot. This was confirmed by our histological studies described below. We attribute the formation the callus around the edges of these explants to the greater availability, in those regions of growth regulators present in the medium, due to injuries caused by cutting the cotyledons (Smith, 2000) . Majority of the explants acquired organogenic competence after 21 days in CIM and upon transfer to SM, they developed shoots.
Explants that were subjected to SM directly without passing through CIM did not generate shoot. This underscores the importance of the acquisition of organogenic competence induced by the combining IBA and BA within a concentration range (Sujatha and Mukta, 1996) .
Shoot formation
The percentage of explants that gave rise to well defined shoots following transfer from CIM to SM was 53.91% ( Figure 1C ). This represents regeneration efficiency higher than that reported by Li et al. (2008) under similar experimental conditions. Although we cannot deduce to what extent genotypic difference may have led to these discrepancies, similar result which placed the percentage at 50%, was reported by other authors (Sujatha and Mukta, 1996) where the same kind of explants were incubated in a media supplemented with a 1:2 concentration ratio of BA and IBA. In our case, up to 84.35% of the explants attained their initial stage of shoot formation five weeks after incubation although not all of them later developed into shoots. The remaining 15.65% of the explants did not show any morphological difference from their initial appearance when in CIM. Although the average number of well defined shoot regenerated per cut piece of cotyledon passing from CIM to SM observed in this work was about 1.5 shoots per explant, further exposure of explants bearing these shoots generated further shoots by the explants, which could be detached and cultured separately. Supplementation of the culture media with gibberallic acid and incubation in the light apparently stimulated further development of shoots. Similar morphological response was reported to have been observed in castor bean, where addition of GA 3 in combination with different concentrations of cytokinin led to rapid development of shoot (Kumari et al., 2008) .
Shoot elongation
Five weeks after incubation in shoot induction media, the shoots were detached from each other and incubated in shoot elongation media (EM) for 15 days. Analysis of length of the shoots after incubation in EM media showed that increase in shoot length varied from 1 to 3 cm. This corroborates with the findings of Li et al. (2008) . The shoots were robust with very short intermodal spaces ( Figure 1D ). Shoots having a length from 0.5 to 1 cm ended up forming callus at their basal points. The presence of callus might be attributed to the inherent effect of cytokinins in the stimulation of the production of genetic tumor when present in high concentration (Müller and Sheen, 2008) . There was also increase in the number of leaves which varied from two to eight per shoot with longer shoots presenting higher number of leaves. The generally low shoot length recorded in the explants might be attributed to the cytokinin in the media which could have inhibited apical dominance but stimulated cell division and lateral growth (Müller and Sheen, 2008) .
Rooting
Analysis of the percentage number of shoots that formed roots as well as the average number of root per shoot, when explants were cultured in rooting media containing different concentrations of IBA is presented in Table 1 . The highest percentage (27.50%) of root formation was observed when the shoots were cultured in a rooting media containing 0.3 mg/L IBA. This was followed by those cultured in a media devoid of IBA. Intermediate IBA concentrations did not appear to generate high percentage of roots. After 28 days, the process of root formation stopped and by the 60th day, all shoots had started the process of senescence or died altogether. The percentage of explants that formed roots in this work was much lower than that reported by Li et al. (2008) who recorded 86% when shoots were cultivated in the same rooting media. The number of roots formed per explant varied from one to five. However, for most of the concentrations tested, the number of roots per explants was not more than two ( Figure 1E ). Taken as a whole, the percentage of shoots that formed roots and the different concentrations of IBA in the media into which they were subjected showed that the minimum percentage of 10% was recorded with 0.05 mg/L IBA. We observed higher number of shoots that formed roots at 0.0 and 0.3 mg/L IBA whereas intermediary concentrations generated lower roots. This suggests that the effect of IBA was positive when IBA level was higher than 0.05 mg/L. However, the value of correlation coefficient for the relationship between the percentage of shoots that actually formed root and increasing concentration of IBA was R = 0.871, suggesting a negative relationship between the application of increasing concentrations of IBA and rooting, at least up to certain level (Figure 2) . The relationship observed between auxin level and rooting potential has been recorded for other plants where high levels of auxin may have inhibitory effect over the rooting process (Pedroti and Voltolini, 2001; Erig and Schuch, 2004; Henrique et al., 2006; Maia and Botelho, 2008) . Following this, the regenerated plants were acclimatized and transferred to the green house ( Figure 1F ).
Histological analysis
Anatomical changes during competence induction
We followed the anatomical changes in the explants passing through the different regimes of regeneration starting from the organogenic competence induction media (CIM) through shoot development media (SM), elongation (EM) to rooting media (RM) using histological analysis". Anatomical section of the explants on CIM on day 0 revealed that the leaves of J. curcas is amphistomatic revealing uniseriate epidermis on both sides ( Figure 3A ). There were higher numbers of stomatics on the adaxial region than on the abaxial. The mesophyll cells were biphasic with palisade parenchymatous cells on the adaxial side and spongy parenchymatous cells on the abaxial. The central vein was characterized by the presence of vascular sheath with xylem and phloem surrounding a bundle sheath of parenchyma ( Figure 3B ). The histological cuttings following incubation of the explants showed that the first few changes in these tissues began to occur only by the fourth day of incubation. The parenchymatous cells acquired more vacuoles surrounded by an amorphous intracellular matrix that gave intense blue color with toluidine ( Figures  3C and D) . The presence of this matrix might be crucial for the initial stage of regeneration because it is known to contain pectin like substance required for the synthesis of cell wall of newly emerging cells (Fernando, 2005) .
By the sixth day, the parenchymatous cells presented intense cell division although the palisade cells masked their appearance. The direction of the cell division was both periclinal and anticlinal in the middle and marginal regions of the explant. It appears that the cells at the adaxial region of the explant were not involved in the regeneration process. However, cellular proliferation was much more intense in the abaxial region of the explant where meristem like tissues were seen whose cells presented reduced size, dense cytoplasm and clear nucleus (Figure 4) . Indeed we could clearly distinguish the different stages of acquisition of organogenic competence starting from day six of incubation all the way to day 20 and beyond.
The 12th and the 20th day of incubation may be regarded as the ages at which there was the highest cell division ( Figure 5 ). The cells at this stage were much higher in number with additional cells found around the border of the meristematic region ( Figure 5D ). However, these cells did not appear to be organogenic suggesting that they could have been the calli observed at the edges of the explants described earlier.
The formation of protuberance on the surface of the explant was also observed on the 12th day of incubation (Figures 5A and B) . These structures resulted from the intense cell division of the parenchymatous cells earlier described. In these structures, parenchymatous and epidermal cells had high number of vacuoles while those in the vascular region had dense cytoplasm and were apparently actively dividing. The existence of this meristem like cells around the vascular region suggests that the regeneration process in Jatropha might have a multicellular origin. Indeed we can safely assume that new tissues are regenerated from meristematic cells arising from the "de-differentiation" of fundamental parenchyma like parenchymatous bundle sheath (Almeida et al., 2002) .
In addition, Figure 5B shows that due to the development of these protuberances, the epidermal layer appeared to rupture and may therefore not have participated in the actual regeneration process. However, protuberances at the age of 20 days after culture developed meristemoids ( Figure 5C ). Similar result was obtained using Saintpaulis ionanthana × confuse (Lo et al., 1997) ; Cucumis melo (Gaba et al., 1999) and Passiflora edullis (Fernando, 2005) . Typically, meristemoids occur side by side with the region next to the protuberances, forming an intense layer of meristematic cells.
Anatomical changes during shoot formation
During the last days of the explants in the CIM (having spent 21 days), which coincided with the first day of the same in SM, the central meristematic cells remained actively dividing leading to the emergence of the protuberances ( Figure 6 ) which resulted in the formation of shoots. We conclude that organogenesis in J. curcas, at least for the genotype used in this work, takes place through direct organogenesis and not by indirect organogenesis as suggested by Li et al. (2008) . This is because the calli arising from the treatment of the explant did not participate in anyway, in the regeneration of shoots. Furthermore, parenchymatous cells and perhaps bundle sheath are responsible for the emergence of protuberances that gave rise to meristematic centers known as meristemoids, which later elongated to form shoots. Our observations also differ from that of Varshney et al. (2011) who reported that meristemoids were found to originate from the peripheral region of organogenic callus and the same time observed meristemoids structures from periphery and deeper layers of cells from cotyledons.
Explants that were previously cultured in CIM were transferred to SM where they remained for approximately four weeks. We followed the series of anatomical changes resulting from this treatment over a period of 11 days. The most significant anatomical event started to take place by the 4th day of incubation, where the number of competent cells increased considerably and from which several protuberances corresponding to initial shoots described earlier, emerged ( Figure 7A) .
By the 6th day in this media, several meristematic cells could be seen forming promeristems from which shoot meristem later emerged ( Figures 7B and C) . Indeed, the presence of these structures was a precondition for the eventual emergence of complete shoot from the explants. The promeristems became evident with the appearance of tunica-corpus structure present at the distal region of the apical meristem and formed by one or two layers of cells dividing in both periclinal and anticlinal direction ( Figures 7B and C) . Some of the protuberances appeared to contain large vacuoles and were therefore not considered as part of the emerging shoots. Figure 7C shows the presence of a protodermal layer of cells which originated from the meristematic tissues below them. This was particularly evident by day 6. Indeed by this time, all organogenic cells were committed to forming specific tissues and that the minimum time required attaining this was indeed 6 days. In subsequent days, similar structures were observed. However, it was only by day 11 that an unmistakable apical meristem could be discerned clearly ( Figures 7D, 
